Abstract. The development of chemoresistant breast cancer is poorly understood and second treatment options are barely investigated. The term 'chemoresistance' is ill-defined and thus, our experimental analyses aimed to disentangle the resistance to cell cycle arrest from the resistance to trigger apoptosis, both of which are important mechanisms to be targeted by anticancer therapy. Therefore, an MCF-7 array, which encompassed clones harboring distinct geneticallyand pharmacologically-induced stages of resistance, was established. For this, MCF-7 cells were stably transfected with erbB2 cDNA and a dominant negative p53 mutation and the two clones were subjected to long-term treatment with the clinical agents 2'-deoxy-5-fluorouridine (5-FdUrd) or arabinosylcytosine (AraC) to develop specific chemoresistance. This array was tested with 3,4',5-trihydroxy-transstilbene (resveratrol) and the methoxylated paired stilbene analogue 3,4',5-trimethoxy-trans-stilbene (M5) to investigate whether these agents can overcome genetically-and pharmacologically-induced chemoresistance and to correlate the structure-activity relationship of resveratrol and M5. In all conditions tested, M5 exhibited stronger anticancer activity than resveratrol, but the cell cycle inhibitory properties of the tested drugs were dependent on the genetic background and the chemoresistant phenotype. In contrast, the proapoptotic properties were rather similar in the distinct genetic backgrounds of the clone array and therefore, apoptotic triggers and cell cycle checkpoints were distinctly affected and are thus independent of each other. The study demonstrates the merits or virtues of the genotypically-and phenotypicallydefined clones of the MCF-7 array as a testing tool for novel drugs, which discriminates the two types of chemoresistance mechanisms.
Introduction
Worldwide, breast cancer is the most common form of cancer in females, and it is the second leading cause of cancer deaths after lung cancer among women (1). It affects ~1 out of 8 women at some stage of their life in the Western world. There are several prognostic factors associated with breast cancer, the most prominent being the presence of estrogen and progesterone receptors in the breast cancer cell (hormone receptor positive breast cancer is usually associated with a much better prognosis as compared to hormone negative cancer), or HER2/neu (ErbB2) status and expression of the mutated p53 (mtp53) tumor suppressor gene. Patients whose cancer cells are positive for HER2/neu suffer from more aggressive disease and are prone to develop resistance to chemotherapy with limited second treatment options. Therefore, new agents which overcome chemo-resistance need to be discovered. For this we generated an MCF-7 breast cancer array consisting of clones overexpressing erbB2 cDNA or harboring a dominant negative mtp53 and of clones with specific chemoresistance to 5-FdUrd (2'-deoxy-5-fluorouridine) and to AraC (arabinosylcytosine). This investigation evaluated whether this clone array is a useful tool for the testing of novel lead compounds that may override chemoresistance. We chose resveratrol (3,4',5-trihydroxytrans-stilbene) and the methoxylated derivative M5 (3,4',5-trimethoxy-trans-stilbene) to study the structure-activity relationship in chemoresistant MCF-7 breast cancer cells with distinct genetic backgrounds.
Stilbene analogues affect cell cycle progression and apoptosis independently of each other in an MCF
Resveratrol is classified as a phytoestrogen due to its structural similarity to the estrogenic agent diethylstilbestrol (2) . It shows estrogenic activity in mammals, activates the transcription of estrogen-responsive reporter constructs (3, 4) and has been reported to exhibit both anti-carcinogenetic and cardio-protective activities which may be attributed to its antioxidant and anti-coagulant properties (5, 6) . In animal experiments resveratrol reduced the incidence of carcinogeninduced development of cancer (7, 8) and was shown to inhibit tumor initiation, promotion and progression (8) . It is capable of inducing differentiation and apoptosis in a multitude of tumor cell lines, such as human leukemia-, colon-, breast-, prostateand esophageal cancer cells (9) (10) (11) (12) (13) (14) and causing cell cycle arrest in the S and G2 phase (15) in part due to the inhibition of ribonucleotide reductase which catalyzes the rate-limiting step of de novo DNA synthesis (16) .
Resveratrol has been found in high concentrations in a wide variety of plants, including traditional oriental medicinal plants (17) . Relatively high concentrations of resveratrol are also present in grape juice and, especially, in red wine. The biological activity of resveratrol and its analogues such as piceatannol depends significantly on the structural determinants (18) and it has been shown that methoxylated stilbene derivates show effects which are different from their nonmethoxylated forms. When tested in the Fas-ligand-resistant lymphoma cell lines HUT78B1 and HUT78B3 and the multidrug-resistant leukemia cell lines HL-60-R and K562-ADR, 3'-hydroxypterostilbene (3,5-dimethoxy analogue of piceatannol) induced apoptosis, whereas piceatannol and resveratrol did not (19) . In our investigation the methoxylated resveratrol analogue M5 exhibited a stronger activity than resveratrol even in chemoresistant cancer cells.
This investigation did not aim to elucidate mechanisms of drug action or of chemoresistance acquisition but intended to show that different drugs induce distinct types of resistance in distinct genetic backgrounds. Therefore, the clone array is helpful in discovering novel leads for the treatment of specific resistance parameters. MCF-7 cells were found to detect the vast majority of those agents which exhibit anticancer activity in the 60 cancer cell line screen of the National Cancer Institute (NCI) (20, 21) . This underscores the significance of the results obtained with the MCF-7 clone array presented here. Chemicals. Resveratrol, 5-FdUrd and AraC were from Sigma. The methoxylated resveratrol analogue 3,4',5-trimethoxytrans-stilbene (M5, see chemical structures below) was synthesized using standard chemical methodologies. Methoxylated diethyl benzylphosphonate (10 mmol) was cooled to 0˚C under argon in a flame-dried three-neckedflask. Then 10 ml dry DMF, sodiummethoxide (1.12 g, 20 mmol) and methoxylated benzaldehyde (10 mmol) was added. The mixture was stirred at room temperature for 1 h and heated to 100˚C under argon for 1.5 h. The solution was poured into 250 ml of ice water, the precipitate was filtered off and re-crystallized from ethanol to yield white crystals (22) .
Material and methods

For
Cell culture. The human breast carcinoma cell line MCF-7 was grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated FCS, 1% penicillinstreptomycin and 1% Glutamax (all from Gibco, Invitrogen were grown in the above-described medium including 400 μg/ml G-418 sulphate (Gibco, Invitrogen) to maintain the selection pressure. Moreover, chemoresistant cells were exposed to 500 nM 5-FdUrd or AraC, respectively. All cells were incubated at 37˚C in a humidified atmosphere containing 5% CO 2 . Transfection of cells. M cells were plated into 60-mm dishes and grown for 2 days until 40-50% confluence. Lipofection of cells with mtp53 cDNA (plasmid pLTRp53cGval153 containing a chimera of mouse p53 cDNA and genomic DNA with introns 2-9 controlled by the 5'LTR of Harvey murine sarcoma virus) together with a neomycin resistance gene (pCI-neo) yielded the pooled mtp53 clone. ErbB2 fulllength cDNA was first subcloned from pC6H6 into the MCS of pSPUTK with NcoI and XbaI, cut with Bsu361 and XbaI to remove the 3'UTR of erbB2, blunted with a Klenow fragment and religated. Then the complete erbB2 ORF was released from pSPUTK with HindIII and ClaI and ligated into the EcoRV site of pCDNA3.1/V5-HisB after removal of the overhangs with the Klenow fragment. The lipofection of this construct with Transfectam reagent (Promega) yielded the pooled erbB2 cell clones. Lipofection cells were washed once with pre-warmed DMEM without FCS. Five micrograms of DNA (1 μg/μl) and 10 μl Transfectam were separately pipetted into 0.75 ml DMEM each and then the two mixtures were combined. Transfectam-DNA complexes were allowed to form for 10 min and were then applied onto M cells for 3 h in a humidified incubator. The transfection was stopped by adding 4 ml DMEM containing 10% FCS. The following day, cells were split into new dishes with fresh medium and 48 h after transfection 800 μg/ml G-418 sulphate (for mtp53 and erbB2 cell clones) was added.
After 10-14 days the G-418 concentration was reduced to 400 μg/ml and the cells of each transfection were pooled for further experiments.
The induction of resistance. To establish resistance to 5-FdUrd the M[mtp53] and M[erbB2] clones were treated for a long time with increasing concentrations of 5-FdUrd. Cells were exposed to the initial concentration of 250 nM 5-FdUrd which was raised soon thereafter to 500 nM. The cells were kept under their current doses for 48-72 h and then left to recover before the next treatment cycle. After 10 months of treatment the cells were resistant to 500 nM 5-FdUrd, at which point they were used for experiments.
To generate resistance, the AraC M[mtp53] and M[erbB2] clones were exposed to the initial concentration of 250 nM and 5 μM AraC. The 250 nM-treated cells were then exposed to 500 nM for a period of 12 months until the establishment of resistance to 500 nM AraC. The 5 μM-treated cells were exposed to reduced doses (2.5 μM-1 μM-750 nM and 500 nM within 6 months), as the cells did not survive higher doses and were then treated with 500 nM AraC for another 6 months until they were resistant. The cells were treated with their current concentrations for 72-96 h. Finally, the two cell types (250 nM and 5 μM initial doses) were pooled and used for experiments.
Hoechst 33258 and propidium iodide double staining. To measure apoptosis in M clones, cells were seeded at a density of 1x10 4 in 24-well plates, grown to 30% confluence and then 2, 10, 30 and 50 μM resveratrol or M5 was added. Experiments were terminated after 96 h of treatment by collecting the culture supernatant and washing the attached cells with phosphate buffered saline (PBS, pH 7.2). This was followed by the trypsinization, administration of a new medium and 10% FCS, and pooling with the collected supernatant cells. Then Hoechst 33258 (HO, Sigma) and propidium iodide (PI, Sigma) were added to the pooled cells (final concentration of 5 and 2 μg/ml, respectively). After an incubation period of 1 h at 37˚C, the stained cells were examined under a Zeiss Axiovert 35 fluorescence microscope with a DAPI filter, photographed on Kodak Ektachrome P1600 film (Eastman Kodak Company, Rochester, NY, USA), analyzed and the viable, apoptotic and necrotic cells were counted manually. Hoechst 33258 dye penetrates intact membranes, stains the nuclear chromatin and, therefore, allows the monitoring of nuclear changes associated with apoptosis, such as chromatin condensation and nuclear fragmentation. Propidium iodide (PI), on the other hand, cannot cross intact membranes and is excluded from viable and early apoptotic cells. Consequently, the PI uptake indicates loss of membrane integrity, which is characteristic of necrotic and late apoptotic cells. Necrosis is characterized in this system by a nuclear PI uptake without a chromatin condensation or nuclear fragmentation. In combination with fluorescence microscopy, the selective uptake of the two dyes allows for the detection and discrimination of viable cells from those with apoptotic and necrotic phenotypes (23, 24) . Experiments were performed in triplicate.
Growth inhibition assay. M array clones were seeded at a density of 1x10 4 in 24-well plates and grown for 24 h to 20% confluence. At this stage increasing concentrations (2, 20, 30 and 50 μM) of resveratrol and M5 were added for 24, 48 and 72 h. Then cells were washed with PBS, trypsinized and counted with a cell counter (Sysmex Corp., Japan). Experiments were performed in triplicate.
Determination of doubling time (dt) and percent of cell division.
Cells were seeded at a density of 1x10 4 in 24-well plates and grown for 24 h. At this stage they were treated with 2 concentrations (10 and 250 nM) of 5-FdUrd. Cells were trypsinized and counted three times during logarithmic growth (after 24, 48 and 72 h) with a cell counter (Sysmex Corp.). Experiments were performed in triplicate.
Doubling time was: nd = (log c2-log c1)/log 2; dt = pg/ nd; c1, first count; c2, second count; nd, number of doublings; pg, period of growth in hours between c1 and c2; dt, doubling time and log, decimal logarithm (to the basis 10).
The determination of the percent cell division and of proliferation inhibitory concentration (I p C 50 ).
The percent of cell division as compared to the untreated control was calculated as follows:
[(C 72 h + drug -C 24 h + drug ) / (C 72 h -drug -C 24 h -drug )] x100 = % cell division C 72 h + drug , cell number after 72 h of drug treatment (10 nm, 250 nM); C 24 h + drug , cell number after 24 h of drug treatment (10 nm, 250 nM); C 72 h -drug , cell number after 72 h without drug treatment; C 24 h -drug , cell number after 24 h without drug treatment.
Statistical calculations. Dose response curves were calculated using the Prism 3.03 software (GraphPad Software ONCOLOGY REPORTS 19: 801-810, 2008 Inc., San Diego, CA, USA). Statistical differences were calculated using the unpaired t-test.
Results
The induction of specific chemoresistance. The low grade malignant breast cancer cell line MCF-7 harbors an intact p53, expresses ErbB2 only at a low level and is estrogen-receptor positive. For our studies, we generated an MCF- (Fig. 1a-d (Fig. 1e-h ).
The expression of ErbB2 and p53 was analyzed by Western blotting (Fig. 1i-j) (Fig. 2a and b) to deduce the concentration of resveratrol which inhibited cell proliferation to 50% of the control (I p C 50 , Table I ). It has to be noted that this analysis specifically reflects the effects of drugs on the proliferation rate and not that of general drug toxicity (IC 50 , which is a combination of cell cycle effects and cell death induction).
Compared to M[mock] cells, the response to resveratrol was markedly decreased in M[mtp53] cells (I p C 50 s: 9.2 and 27.0 μM, respectively), which is consistent with recent findings that resveratrol exerts its effects partly through p53 (25, 26) . Table I . Concentrations of resveratrol and M5 that inhibit 50% of proliferation in the MCF-7 clone array. 13.5 24, 48 and 72 h and then the duplication times and the percentages of proliferation inhibition (compared to the untreated control) were calculated as described in Materials and methods. Thereafter, those concentrations of resveratrol and M5 (in μM) that inhibited 50% of proliferation (I p C 50 values) were delineated from the drawings (Figs. 2 and 3 ). This observation is in agreement with earlier reports which demonstrated that higher doses (>50 μM) of resveratrol generally inhibited cell growth in the estrogen receptor-positive and negative breast cancer cell lines, whereas lower doses (<25 μM) stimulated cell growth in estrogen receptor-positive breast cancer cells (4, 27, 28) . In the two AraC-resistant clones resveratrol was even more active than in the non-resistant M[erbB2] and M[mtp53] controls. This indicated that AraC pretreatment sensitized a cell cycle regulatory component which was targeted by resveratrol ( Fig. 2a and b) . After treatment of the clone array with 2, 10, 30 and 50 μM resveratrol or M5 for 96 h, apoptosis was measured (Fig. 4a-d ) and the factors of apoptosis induction (F apo ) were calculated (for 50 μM resveratrol and M5, Table II ). The two agents induced apoptosis dose-dependently and in all cell lines tested. At equimolar concentrations, M5 was more efficient than resveratrol, although the difference was marginal.
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It is noteworthy that resveratrol and M5 induced apoptosis in the tested clones with similar efficiency (except in RA.M[erbB2] cells). Thus, regarding the apoptotic response, the clonal variation was minimal and this was in marked contrast to the cell cycle inhibitory activity of resveratrol and M5, which was highly diverse in these clones.
Discussion
The HER2/neu (ErbB2) status has been described as a prognostic factor in breast cancer, indicating that those patients whose cancer cells are positive for ErbB2 have a more aggressive disease. Breast cancers (~25%) overexpress ErbB2 and this causes increased cell division and the transformation of normal breast tissue into malignant cancer cells. Since MCF-7 cells express ErbB2 only at a low level, an erbB2 cDNA construct was stably transfected to study erbB2-specific drug effects.
The p53 tumor suppressor regulates the repair of damaged DNA, whereas the mutated p53 fails to maintain intact DNArepair, DNA-integrity and checkpoint control and therefore, the persistence of damaged DNA supports the development of malignant cells (29) . In general, p53 mutations occur in >50% of all tumors including breast cancer. Hence, a dominant negative p53 mutant was transfected into MCF-7 breast cancer cells, which otherwise harbor intact p53, to enforce the acquisition of chemoresistance.
We tested both individual oncogenic conditions (the overexpression of ErbB2 and mutated p53) in MCF-7 cells regarding the responsiveness to resveratrol. Resveratrol is a naturally-occurring, biologically-active phytochemical commonly found in grapes, berries and red wine (17) . Experiments in different cell types and isolated subcellular systems implicate a variety of mechanisms in the pharmacological activity of resveratrol. These mechanisms include inhibition of the transcription factor NF-κB, cytochrome P450 isoenzyme CYP1A1 and cyclooxygenase (COX) enzymes. Resveratrol has also been shown to induce Fasmediated and p53-dependent apoptosis. Furthermore, it possesses antioxidant, anti-angiogenic and anti-estrogenic properties (2, (4) (5) (6) (7) (8) 18) . Hence, resveratrol is currently investigated as a potential cancer chemopreventive agent. Sinclair et al show that resveratrol may increase the cell survival of C. elegans by stimulating the SIRT1-dependent deacetylation of p53, indicating that resveratrol has obtained a new role in anti-aging research, besides its effects as a radical scavenger (25) . Methoxylated resveratrol analogues were demonstrated to be more potent than resveratrol in inducing apoptosis (19) , but most effects are still unknown and have yet to be investigated. Therefore, the methoxylated resveratrol analogue M5 was also investigated in the MCF-7 clone array to study the structure-activity relationship regarding apoptosis induction and cell cycle inhibition.
In Transfection of the p53 mutant cDNA did not alter the proliferation rate of M[mtp53] cells. However, it caused añ 3-fold decreased response to resveratrol-induced cell cycle inhibition, which was in agreement with earlier reports demonstrating that the effect of resveratrol is p53-dependent (25, 26) . In contrast, M5 did not require p53 for its activity.
Therefore, resveratrol as well as M5 inhibited proliferation dependent on the cells genetic background of the cells (i.e. resveratrol depended on p53 and M5 depended on ErbB2) and this indicated that the cell cycle inhibitory mechanisms of resveratrol and M5 were different from each other, or that M5 exerted additional activities.
As a second endpoint which is relevant for anticancer activity, apoptosis induction was analyzed. Huang et al found that resveratrol-induced apoptosis occurred only in cells expressing wild-type p53, but not in p53-deficient cells (26) . Notably, our investigations showed that resveratrol induced apoptosis in p53-mutated breast cancer cells as well as in ErbB2-overexpressing cells. This proved that the mutation of p53 interfered with check points controlling the cell cycle, but Table II . Factors of apoptosis induction (F apo ) upon treatment of the MCF-7 clone array with resveratrol or M5. 
and RA.M[mtp53] cancer cells were treated with increasing concentrations of resveratrol or M5 for 96 h (only data derived from exposure to 50 μM are shown). Then cells were stained with Hoechst 33258 and propidium iodide, analyzed and counted under a microscope connected to a DAPI filter and the factors of apoptosis induction above constitutive levels (F apo , the controls were set as 1) were calculated.
not with the apoptotic mechanisms, which demonstrates that cell cycle inhibition and apoptosis induction are independent and disconnected from each other (30) . Compared to resveratrol M5 exhibited a higher proapoptotic activity. Similarly, resveratrol and M5 induced cell death in M[mtp53] and M[erbB2] cells. These observations support the notion that resveratrol inhibited cell cycle progression through a mechanism which was different from that of M5, whereas the apoptosis-inducing mechanism of resveratrol and M5 were most likely the same.
Although a broad range of human health benefits have been reported for resveratrol, its effects on the cell cycle and apoptosis in chemoresistant breast cancer cells are unknown. Hence, our investigations focused on the activity of resveratrol and M5 in MCF-7 breast cancer clones which acquired specific resistance to 5-FdUrd and AraC. Due to the structural similarity to estrogen resveratrol is suspected of partly functioning by modulating the activity of the estrogen receptor. Furthermore, the radical scavenging property of resveratrol was reported to chelate the tyrosyl radical attached to ribonucleotide reductase, which is required for its activation (31) . Thus, resveratrol directly interferes with the NTP and dNTP supply, DNA synthesis and the cell cycle. Resistance to 5-FdUrd was shown to involve nucleotide metabolizing enzymes and since resveratrol targets ribonucleotide reductase, which is a central player in this metabolic pathway, the activity of resveratrol may become absorbed upon the affection of this pathway, as it was observed in the present experiments herein.
Pretreatment with AraC affected cellular mechanisms which were clearly different from mechanisms affected by 5-FdUrd treatment, because resveratrol maintained its activity in the AraC-resistant clones but not in the 5-FdUrd-resistant clones.
Although M5 exhibited improved activity in ErbB2-overexpressing cells compared to mock-control cells, this advantage was lost upon the acquisition of 5-FdUrd-and AraC-resistance in this genetic background. Therefore, besides the affection of distinct cellular components (see above), similar mechanisms seemed to be addressed by 5-FdUrd-and AraC-resistance.
This suggested that resistance to 5-FdUrd and AraC also involved component(s) within the very pathway that was activated by ErbB2-overexpression in the first place. 5-FdUrdand AraC-induced resistance were reported to inflict a blocking of first-step phosphorylation of the nucleosides by thymidine or deoxycytidine kinase (30, 32) and therefore, ErbB2 may have contributed to the availability of dNTPs for subsequent incorporation into replicating DNA, which was supported by the fact that M[erbB2] cells showed a considerably accelerated proliferation rate.
Cell cycle inhibition by M5 was independent of p53, yet the activity of M5 was reduced in FdU-pretreated RF.M[mtp53] cells, whereas AraC-pretreatment sensitized RA.M[mtp53] cells to M5. This underscores that the genotype together with the chemoresistant phenotype dramatically influences drug action.
Notably, resveratrol and M5 maintained the apoptogenic potential in 5-FdUrd-and AraC-resistant clones overexpressing ErbB2 or mtp53. Either the acquired resistance to 5-FdUrdinduced apoptosis was only a matter of the abrogated activation of 5-FdUrd to 5-UMP [through the loss of function of thymidine or deoxycytidine kinase, (32) (33) (34) ] and therefore, 5-FdUrd-resistance may have left apoptotic mechanisms per se unaffected; or, resveratrol and M5 may have employed apoptotic mechanisms which were different from those triggered by 5-FdUrd or AraC.
We intend to add further resistance phenotypes to this array because we think that the MCF-7 clones were successfully used as a tool to elucidate the activity spectrum of novel putative anticancer agents. The findings of this study warrant testing resveratrol and M5 in chemoresistant animal models.
